1. Introduction {#sec1-materials-09-00106}
===============

A wide range of different additive manufacturing (AM) technologies exists, and they vary in the way layers are built, how the base material is applied and the materials that can be used \[[@B1-materials-09-00106]\]. Some methods use melting to create the layers, whereas others methods deposit liquid materials that can then be cured and hardened \[[@B2-materials-09-00106]\]. For the production of metallic parts, there are three main processes, namely selective laser melting (SLM), laser metal deposition and electron beam melting. SLM was developed from the selective laser sintering process \[[@B3-materials-09-00106],[@B4-materials-09-00106]\]. In SLM, energy provided by a laser beam is used layer-wise to fully melt powder particles to each other \[[@B3-materials-09-00106]\]. One of the main advantages of SLM is the high level of flexibility to create complex geometrical structures that are not easy or even possible to be produced by conventional production methods. Other advantages are a lower time-to-market, a near-net-shape production without the necessity of molds, a high material utilization rate and direct production based on a computer aided design (CAD) model \[[@B5-materials-09-00106]\].

However, all the AM processes, including SLM, have intrinsic limitations. Internal stresses and the risk of porosity \[[@B6-materials-09-00106],[@B7-materials-09-00106],[@B8-materials-09-00106],[@B9-materials-09-00106]\] are critical parameters that can provoke a detrimental impact on the fatigue life of the components \[[@B10-materials-09-00106]\]. During the manufacturing process, high thermal gradients cannot be avoided and after the cooling down residual stresses are locked in the component. On the other hand, defects are formed during the process between the layers \[[@B5-materials-09-00106]\]. Large, irregular pores are created in between layers and scan tracks due to incomplete or bad melting conditions, while small, spherical pores become encapsulated due to the presence of gas in the solidifying melt pool. Both residual stresses and defects may have a detrimental effect in the fatigue life \[[@B11-materials-09-00106]\]. Fatigue, as one of the principal fracture modes, occurs due to damage caused from cyclic stresses and can affect the structural integrity of a metallic structural component \[[@B5-materials-09-00106],[@B12-materials-09-00106]\]. Cyclic slip in slip bands is considered to be critical for microcrack nucleation, and it is related with cyclic dislocation movements \[[@B13-materials-09-00106]\]. Microcracks typically nucleate and initiate at the outer surface of the component since the restrain on a cyclic slip is lower at the outer surface than in the inner part of a component \[[@B14-materials-09-00106]\]. Nevertheless, porosities or other defects can act as stress concentrators and nucleate a crack internally. Fracture in engineering alloys can occur by transgranular (through the grains) or intergranular (along the grain boundaries) fracture paths. It is known that fatigue life is characterized by crack initiation, crack propagation and final failure \[[@B13-materials-09-00106]\]. A fracture analysis of the surface of the component is essential to understand the cause of the failure. The fracture surface as a detailed record of a part's failure history can give important information with respect to the loading history, material quality, environmental effects and crack path \[[@B12-materials-09-00106],[@B14-materials-09-00106],[@B15-materials-09-00106]\].

On the other hand, structural health monitoring (SHM) is used to provide fast and reliable information about the integrity of the structure at any time if required. In engineering structures, implementing damage detection is compulsory to improve life-safety and to reduce the direct operational costs \[[@B16-materials-09-00106]\]. During the past years, the developments of SHM systems were inspired by bionic engineering \[[@B17-materials-09-00106],[@B18-materials-09-00106],[@B19-materials-09-00106]\]. Specifically, the structures are equipped with embedded sensor systems which are able to detect cracks in a similar way as a biological nervous system. Still, installing an effective, durable and robust SHM system in real operational conditions remains challenging.

In this study, a novel SHM system, which is called an effective structural health monitoring (eSHM) system, is used. The current system integrates a network of capillaries into a structure. The primary philosophy of the system is based on recording the absolute fluid pressure changes in the network of capillaries or cavities. A pressure change in the capillary identifies the presence of a crack. A detailed and extended review of the eSHM system can be found in the literature \[[@B20-materials-09-00106]\]. The practical implementation of the new eSHM system is challenging from a production point of view. In reality it is not easy to integrate a complex network of capillaries in a metallic structure by means of subtractive manufacturing technologies. AM technologies like SLM are promising technologies that show a potential to implement eSHM systems for fatigue crack detection in complex structures. Previous research based on the eSHM system was conducted on SS 316L specimens in order to evaluate the working principle of the system and the feasibility of using laser metal deposition for the production \[[@B20-materials-09-00106]\]. The main objective of this study is to evaluate the effectiveness of the eSHM system on detecting cracks in SLM components and to evaluate the functionality of the Ti6Al4V in the eSHM systems. In this paper, Ti6Al4V parts with integrated capillaries of 1 mm diameter are manufactured. The fatigue behavior is investigated by means of a four-point bending test, with special attention to the crack detection. During the fatigue tests, the specimens were tested according to the step method with a constant fatigue stress amplitude and a constant stress ratio (*R* ratio) in each step. The crack initiation sites are investigated through micrograph observation of the fracture surfaces via scanning electron microscopy (SEM). Finite element method (FEM) simulations are also used in order to correlate the high stress concentration positions with the crack initiation sites.

2. Experimental Study {#sec2-materials-09-00106}
=====================

2.1. Materials and Production {#sec2dot1-materials-09-00106}
-----------------------------

The material used for this study is Grade 23 Ti6Al4V-ELI. Seven specimens were produced by SLM (Leuven, Belgium). Six of them remained in as-built (AB) conditions and one in stress relieved (SR) conditions. The first four specimens and the stress relieved specimen were produced by Layerwise NV. Specimens 5 and 6 were produced on an in-house developed LM-Q machine of the PMA Division (Production Engineering, Machine Design and Automation) of KU Leuven. The LM-Q machine is equipped with a fibre laser --IPG YLR-300 SM Yb:YAG. The current laser provides with a beam of 1070 nm (maximum power of 300 W) and a Gaussian intensity distribution. For the production of the current specimens the spot diameter was selected to be 80 μm. The scanning velocity varied from 3 to 2000 mm/s, the spatial resolution of the beam movement was about 1 μm and the platform was lowering in steps of 1 μm. In order to avoid oxidation during manufacturing, the production chamber was evacuated and filled with inert argon atmosphere. Specimens were built up by first scanning the contours of the layer. The scanning direction of successive layers was rotated by an angle of 90°. In one layer, a bidirectional scanning pattern was applied. A layer of 30 µm was chosen and the specimens were built in vertical direction. The powder spherical particles were made by plasma atomization process. For most of the powder volume the particle size varies between 5 and 50 μm while some particles are smaller than 34.4 μm.

The integrated capillary for the SLM Ti6Al4V specimens had a diameter of 1 mm and a sinusoidal shape with an amplitude of 2 mm. The period of the sinusoidal shape was 20 mm for the first four samples and the stress relieved specimen and 22.4 mm for the last two samples. After the SLM production the specimens were milled to final dimensions as specified in [Figure 1](#materials-09-00106-f001){ref-type="fig"}. The capillary is not placed symmetrically in the middle of the specimens but close to the surface (4 mm away from the surface) on the tension side during the four-point bending test. The building direction (BD) is also indicated in [Figure 1](#materials-09-00106-f001){ref-type="fig"}. The static tensile properties for the SLM Ti6Al4V were previously published in the literature \[[@B21-materials-09-00106]\] and are presented in [Table 1](#materials-09-00106-t001){ref-type="table"}. For the six SLM specimens that remained in as-built conditions, no stress relief or any heat treatment conditions were applied prior testing, while for one specimen a heat treatment of 2 h for 530° was applied in order to obtain SR conditions without altering the microstructure.

![Four-point bending specimen's dimensions (mm): 2D side and front views.](materials-09-00106-g001){#materials-09-00106-f001}

materials-09-00106-t001_Table 1

###### 

SLM Ti6Al4V mechanical properties from \[[@B21-materials-09-00106]\].

  σ~yield~ \[MPa\]   σ~UTS~ \[MPa\]   ε \[%\]   *E*~tension~ \[GPa\]
  ------------------ ---------------- --------- ----------------------
  1125 ± 22          1216 ± 8         6 ± 0.4   114

In order to compare the obtained results from SLM specimens with conventional Ti6Al4V material, three specimens were prepared from plate and mill annealed Ti6Al4V. These samples had the same geometry as the SLM samples and no capillary was present.

2.2. Test Procedure {#sec2dot2-materials-09-00106}
-------------------

The specimens were subjected to a cyclic fatigue loading in a four-point bending setup. A schematic representation of the four-point bending fatigue test is depicted in [Figure 2](#materials-09-00106-f002){ref-type="fig"}. The locations with the highest probability for crack initiation from the capillary are situated at the capillary borders that are furthest away from the neutral axis in the tension area of a four-point bending test specimen (see [Figure 1](#materials-09-00106-f001){ref-type="fig"}). The principal reason for this higher probability is directly related to the higher stress concentration at these locations. According to the step-method the initial stress amplitude is chosen below the fatigue limit of a specimen. For each step a large number of cycles N (500,000) with the same loading are applied. If failure does not occur, the stress amplitude is increased with a selected step and again a block of N cycles is applied \[[@B22-materials-09-00106],[@B23-materials-09-00106]\]. This procedure is repeated until failure occurs. This approach is known as step-method, and it is suggested in the literature as a fast methodology for the generation of Haigh diagrams and determines the fatigue limit of a specimen. In the current study the attention is focused on the fatigue life of the specimen on the last step and on the stress level of the crack detection by means of the eSHM system. There are a few studies in the literature that demonstrate results on Ti6Al4V specimens produced by the SLM process \[[@B24-materials-09-00106],[@B25-materials-09-00106],[@B26-materials-09-00106]\]. However, since no previous results were available for the endurance limit of the additive manufactured Ti6Al4V of similar specimens with capillaries, a sufficiently low stress starting points was chosen.

![Schematic of four-point bending setup with the specimen and the installed pressure sensor.](materials-09-00106-g002){#materials-09-00106-f002}

The fatigue tests were carried out on an MTS machine with a maximum static and dynamic load capability of 100 kN. The applied sinusoidal cyclic load in each step had constant amplitude with an *R* ratio equal to 0.1 and frequency of 15 Hz. During the tests the pressure transducer, the actuator load and displacement were monitored and registered by the controller of the MTS machine.

A pressure transducer (Kulite XTL-123C-190M-1, 7-BAR-A, Leonia, USA) was placed at one side and a check valve (Clippard MCV-1-M5, Cincinnati, USA) at the other side of the specimen, as shown in [Figure 2](#materials-09-00106-f002){ref-type="fig"}. After sealing, each specimen was placed in a vacuum chamber at a pressure of 0.5 bar. As a last stage an extra stop (Clippard 11755-M5-PKG, Cincinnati, USA) was installed on the check valve. The final test specimen is shown in [Figure 2](#materials-09-00106-f002){ref-type="fig"}. After the crack detection, the test was stopped and the specimens were inspected by liquid penetrant inspection (LPI) in order to locate the crack. After this inspection, samples were again subjected to the fatigue test until failure occurred. To analyze the influence of the eSHM system on the microcrack initiation, the fracture surfaces obtained after the fatigue tests were analyzed with the optical microscope and the SEM. For the microstructural examination, the specimens were embedded in epoxy resin, ground using 1200 grit SiC paper and polished using a 0.25 µm SiO~2~/H~2~O/H~2~O~2~ suspension. After the preparation the specimens were etched for 10 s in a solution of 50 mL H~2~O, 25 mL HNO~3~ and 5 mL HF. A Leica Metallovert microscope was used in order to examine the microstructure.

Furthermore, a finite element approach was chosen as the simulation method to interpret the observations throughout the fatigue experiments. The model was built in ABAQUS commercial software version 6.13.1 \[[@B27-materials-09-00106]\]. Dimensions and displacements are in mm, stresses in MPa and forces in kN. The mechanical properties of the SLM Ti6Al4V that are exploited in the numerical model are given in [Table 1](#materials-09-00106-t001){ref-type="table"}, with a Poisson ratio of 0.32.

3. Results and Discussion {#sec3-materials-09-00106}
=========================

3.1. Fatigue Results {#sec3dot1-materials-09-00106}
--------------------

The specimens were subjected to fatigue testing. [Table 2](#materials-09-00106-t002){ref-type="table"} shows an overview of all the analyzed specimens with the stress levels at which a crack was detected by means of the eSHM. Initially, Specimen 1 was subjected to a low stress level. For each stress level a constant block of 500,000 cycles was defined as run-out. As previously mentioned, if failure did not occur in the period of the first block, the stress was increased. This procedure continued until a crack was detected in Specimen 1 by the eSHM system in the 12th step after 14,506 cycles. For Specimen 2, a stress level lower than the stress level of crack detection in Specimen 1 was chosen. This stress level corresponded to the stress level of the 10th step of Specimen 1 (488 MPa). Although Specimen 1 successfully withstood 500,000 cycles under a stress level of 488 MPa, in Specimen 2 a crack was already detected after 146,988 cycles. Due to this unexpected early failure the initial stress level for Specimen 3 was set to 323 MPa. Unfortunately, the eSHM system of Specimen 3 detected cracking after 493,782 cycles at the starting stress level of 323 MPa. This stress level can be considered relatively low, since it is only 29% of the σ~yield~ of the SLM specimens. The fatigue life and the low stress levels that were achieved by both Specimens 2 and 3 moved the initial stress level of Specimen 4 to an even lower value (158 MPa). Specimen 4 was detected to be cracked at the stress level of 571 MPa. The fatigue test of Specimen 5 started at a stress level of 207 MPa, and cracking was detected at a stress level of 537 MPa after 11 steps. For the last specimen the initial stress level was set to 455 MPa and the crack was detected at 620 MPa. On the other hand, for the SR specimen, the initial stress level was selected based on the behavior of the Specimen 4 (due to similarities of the capillary geometry). The initial stress level was 405 MPa, and the crack was detected at the stress level of 818 MPa. It is clear that the stress relief has significantly improved the fatigue response of the SLM component.

materials-09-00106-t002_Table 2

###### 

Overview of the different steps and stress levels for the SLM Ti6Al4V specimens and conventional Ti6Al4V specimens.

  ------------------- ----------------- ------------------------------------- -------------------------------
  **SLM Specimens**   **Total Steps**   **Stress Level at Crack Detection**   **Cycles at Crack Detection**
  Specimen 1          12                591 MPa                               14,506
  Specimen 2          1                 488 MPa                               146,988
  Specimen 3          1                 323 MPa                               493,782
  Specimen 4          6                 571 MPa                               252,838
  Specimen 5          11                537 MPa                               82,494
  Specimen 6          3                 620 MPa                               167,478
  SLM (SR)            6                 818 MPa                               113,104
  **Conventional**    **Total Steps**   **Stress Level at Failure**           **Cycles at Failure**
  Specimen 1          15                820 MPa                               40,399
  Specimen 2          8                 819 MPa                               300,390
  Specimen 3          3                 819 MPa                               186,599
  ------------------- ----------------- ------------------------------------- -------------------------------

In total five, SLM specimens were subjected to fatigue at stress levels above 530 MPa. While on Specimens 2 and 3, the crack was detected at stress levels below 530 MPa. In Specimen 2 the initial stress level was 488 MPa while in Specimen 3 the initial level was 323 MPa. In both samples the crack was detected by the system in the first stress level of the fatigue test. [Table 2](#materials-09-00106-t002){ref-type="table"} shows also the data of conventional plate Ti6Al4V samples as a reference for defect free samples. It can be noted that all the specimens failed at approximately the same stress level of 820 MPa.

[Figure 3](#materials-09-00106-f003){ref-type="fig"} indicates the maximum tensile stresses obtained by conventional and SLM titanium specimens. Severe scatter is noted for the fatigue stress levels of components produced by SLM in as-built conditions (between 488 and 620 MPa). In contrast, conventional specimens show higher repeatability since the probability of internal defects is negligible compared to additively manufactured specimens. The stress level of Specimen 3 is significantly lower than the average value of the other five SLM samples. The obtained value of the conventional Ti6Al4V specimens is 32.3% higher than the highest value obtained for SLM parts in Specimen 6. On the other hand, the maximum tensile stress obtained by the SR SLM specimen reached similar stress level (818 MPa) as the conventional Ti6Al4V specimen. This is an indication that residual stresses significantly affect the fatigue behavior of SLM produced parts, as suggested in the literature \[[@B28-materials-09-00106]\]. Overall, in additively manufactured components and especially on specimens with vertical building direction, vertical stresses are dominant over the horizontal stresses. Compressive residual stresses in the middle of the specimen are balanced by high tensile stresses that are present at the edges of the specimens \[[@B7-materials-09-00106],[@B29-materials-09-00106],[@B30-materials-09-00106]\]. As a consequence, the expected tensile stresses of the specimens' sides could be released by a stress relief heat treatment and improve the fatigue response. Due to the lack of more stress relieved specimens, this influence is not discussed in detail in this article. The scatter on the maximum stress levels and the fatigue life may be attributed to local porosity, residual stresses and microstructure of the SLM specimens. It is known that imperfections due to the SLM process may have a big effect on the mechanical properties of samples \[[@B28-materials-09-00106]\].

![Maximum stress *vs.* specimen numbers for the conventional and SLM Ti6Al4V specimens in as-built (AB) and stress relieved (SR) conditions.](materials-09-00106-g003){#materials-09-00106-f003}

3.2. Crack Detection during Fatigue Testing {#sec3dot2-materials-09-00106}
-------------------------------------------

During fatigue experiments the pressure in the capillary was continuously monitored by the pressure sensor. For both specimens the pre-set limit was set to 0.8 bar at the beginning of the test. When a crack penetrates the capillary, the pre-set limit of the pressure sensor is reached, and the fatigue test stops. [Figure 4](#materials-09-00106-f004){ref-type="fig"} shows the pressure as a function of the time for the last second of the fatigue test for Specimens 3 and 5. A periodic variation in the pressure due to the cyclic deformation of the specimens is clearly observed for the last load cycles applied to Specimens 3 and 5 (see [Figure 4](#materials-09-00106-f004){ref-type="fig"}a,b).

When a crack opens, the pressure inside the capillary will increase and finally reach atmospheric pressure. Since the loading is cyclic, and the crack is open only a fraction of each cycle, the pressure will thus approach atmospheric pressure in steps. Examining these graphs, one can observe that there is a difference in the pressure behavior between [Figure 4](#materials-09-00106-f004){ref-type="fig"}a,b. In Specimen 3 ([Figure 4](#materials-09-00106-f004){ref-type="fig"}a), the pressure increased gradually until the threshold is reached. As it is depicted from [Figure 4](#materials-09-00106-f004){ref-type="fig"}a, the increasing behavior possibly took place already from the previous applied cycles, which are not graphically presented in the current graph. In [Figure 4](#materials-09-00106-f004){ref-type="fig"}b the pressure is stable until 0.64 s, where there is a sudden increase, and, a tenth of a second later, the pressure has already reached ambient pressure. Specimen 4 showed behavior similar to [Figure 4](#materials-09-00106-f004){ref-type="fig"}a, while Specimens 1, 2, 6 and the SR specimen exhibited a pressure-time evolution comparable to [Figure 4](#materials-09-00106-f004){ref-type="fig"}b.

![Pressure *vs.* elapsed time for (**a**) Specimen 3; and (**b**) Specimen 5 produced by SLM during the last second of the fatigue test.](materials-09-00106-g004){#materials-09-00106-f004}

It is important to mention that in Specimen 5 the maximum pressure is the ambient pressure which is approximately 1 bar, while in Specimen 3 the maximum pressure is only 0.83 bar. For both specimens the last 0.2 s of the test was in stress-free conditions since the pre-set limit activated the stopping procedure of the fatigue test. In the case of Specimen 5 the crack opening was large enough to reach atmospheric pressure in the capillary. In Specimen 3, although it looks like the pressure is still rising, after the last second, the crack was sealed, since a pressure of 0.83 bar could be maintained within the capillary. Evidence of crack closure was further provided by the LPI that was conducted in order to locate the crack \[[@B23-materials-09-00106]\]. In the case of Specimen 3 the liquid penetrant did not give a correct crack indication due to the fact that the crack was sufficiently closed to prevent the penetration of the liquid. In Specimen 5 the crack opening was probably wider than in Specimen 3. In addition to that, the stress level of Specimen 5 is higher (537 MPa) that the stress level of Specimen 3 (323 MPa). It is important to note that, although the increase in capillary pressure in Specimen 5 was sudden, the specimen did not fail completely, indicating that the structural health monitoring system discussed in this paper can also be used in the case of fast crack propagation.

3.3. Fracture Surface Analysis {#sec3dot3-materials-09-00106}
------------------------------

In order to study the presence of porosity and the influence of the capillary on the crack initiation and the fatigue life, the obtained fracture surfaces were examined. [Figure 5](#materials-09-00106-f005){ref-type="fig"}, [Figure 6](#materials-09-00106-f006){ref-type="fig"} and [Figure 7](#materials-09-00106-f007){ref-type="fig"} show micrographs of the crack initiation sites and the capillary regions for selected specimens produced by SLM. As previously mentioned, Specimen 6 was the specimen with the highest stress level at the crack detection. [Figure 5](#materials-09-00106-f005){ref-type="fig"} shows the micrograph of the fracture surface of Specimen 6. It can be seen that the crack nucleated due to a subsurface defect situated in the tension area of the specimen ([Figure 5](#materials-09-00106-f005){ref-type="fig"}a). The red squares shown in [Figure 5](#materials-09-00106-f005){ref-type="fig"}a are the regions shown at higher magnification in the next pictures of [Figure 5](#materials-09-00106-f005){ref-type="fig"}. The capillary region is visible in [Figure 5](#materials-09-00106-f005){ref-type="fig"}b, and no crack initiation signs can be seen. In [Figure 5](#materials-09-00106-f005){ref-type="fig"}c,d, it is observed that the defect is very small lack-of-fusion region, showing rounded blister-like patterns on the surface, which indicates that it is not part of the fracture surface. The area around the nucleation site displayed brittle fracture ([Figure 5](#materials-09-00106-f005){ref-type="fig"}e), while the fast fracture surface (see [Figure 5](#materials-09-00106-f005){ref-type="fig"}f) exhibits a ductile fracture behavior, which is common for as-built specimens \[[@B9-materials-09-00106]\]. In the case of Specimen 6, although the stress level was high compared to the other specimens, the fatigue life was fairly low in the last stress level.

![SEM micrographs of a fracture surface of Specimen 6 with maximum stress of 620 MPa. The fracture surface is shown in (**a**) and the capillary region is shown in (**b**) in high magnification; (**c**,**d**,**e**) depict the corresponding crack initiation point, while (**f**) shows the fast fracture region.](materials-09-00106-g005){#materials-09-00106-f005}

[Figure 6](#materials-09-00106-f006){ref-type="fig"} indicates that the crack initiated at two places in Specimen 5, namely at the capillary region and close to the corner of the specimen. The defects concentrated at the bottom of the specimen consist of pore inclusions with a diameter of approximately 10 μm and lack-of-fusion regions, see [Figure 6](#materials-09-00106-f006){ref-type="fig"}b. On the other hand, another crack initiation site was detected on the right side of the capillary (see dashed region in [Figure 6](#materials-09-00106-f006){ref-type="fig"}c). Furthermore, un-molten regions with powder and splatter particles were also located around the capillary, which can increase detrimentally the stress concentration in that region (see dashed region in [Figure 6](#materials-09-00106-f006){ref-type="fig"}d).

![Fracture surface of Specimen 5 with maximum stress of 537 MPa. The fracture surface is shown in (**a**) and the defect is visible in (**b**); the capillary region is depicted in (**c**) in high magnification, while (**d**) shows un-molten powder particles concentrated around the capillary.](materials-09-00106-g006){#materials-09-00106-f006}

Similar observations on the defects' nature are also noticed in [Figure 7](#materials-09-00106-f007){ref-type="fig"}, where the fracture surface of Specimen 3 is depicted. Specimen 3 is the only specimen for which the eSHM system detected the crack in the stress level of 323 MPa, which is considered a low value compared to the other specimens. As shown in [Figure 7](#materials-09-00106-f007){ref-type="fig"}a, the fracture surface shows crack initiation from sub-surface defects really close to the surface of the specimen. [Figure 7](#materials-09-00106-f007){ref-type="fig"}b,c show SEM images from some of the concentrated defects. It is obvious that un-molten regions with concentrated pore inclusions can act as detrimental stress concentrators. In general, the total surface of the current sample included a certain amount of pores and gas inclusions that were encapsulated during the SLM process (see ellipse in [Figure 7](#materials-09-00106-f007){ref-type="fig"}d). The high amount of defects in this sample explains the fast failure during fatigue at low stress level. However, from the fractographic pictures, it is revealed that Specimen 5 ([Figure 6](#materials-09-00106-f006){ref-type="fig"}) had more internal defects than Specimen 3 ([Figure 7](#materials-09-00106-f007){ref-type="fig"}). As a result, the crack path of Specimen 5 had more internal defects than the one of Specimen 3. Those observations could also be connected with the difference of pressure behaviors of these specimens from Section [3.2](#sec3dot2-materials-09-00106){ref-type="sec"}.

![Fracture surface of Specimen 3 with maximum stress of 323 MPa. The defect is shown in (**a**), a close-up of the defect in (**b**,**c**) while a part of the fracture surface with gas inclusions is depicted in (**d**).](materials-09-00106-g007){#materials-09-00106-f007}

The former fracture patterns with the defects were also observed for the specimens that are not shown in this article. These defects have a negative impact on the fatigue life and resulted in low stress level failure. Processes like hot isostatic pressing could also decrease the porosity, but, still, micropores (bellow 22 μm) located close to the surface could drastically affect the fatigue life, as is demonstrated in the literature \[[@B28-materials-09-00106]\]. In all cases, the capillary itself did not negatively affect the crack nucleation and thus did not act as a stress concentrator for the current test specifications.

Apart from the internal defects and the residual stresses, other parameters that can have an impact on the crack initiation are crystallographic anisotropy or surface finish, while in some cases complex microstructures may cause crack initiation during fatigue \[[@B31-materials-09-00106]\]. It is known that Ti6Al4V contains both α and β phases. The fatigue life of Ti6Al4V components is also affected by the morphology of both phases. The crack nucleation in lamellar α + β microstructures is known to initiate at slips bands within α (or α′) lamellae or at α (or α′) along prior β grain boundaries \[[@B10-materials-09-00106],[@B32-materials-09-00106]\]. In [Figure 8](#materials-09-00106-f008){ref-type="fig"}, the micrographs of the macrostructure of the SLM Specimen 3 and the conventional Specimen 3 are compared. In the side view of the SLM specimen ([Figure 8](#materials-09-00106-f008){ref-type="fig"}a), large, vertical columnar prior β phase grains are present. The long columnar β phase grains are growing along the BD. This is a result of the re-melting of the prior solidified layers during the SLM process, which leads to an epitaxial and directional solidification \[[@B5-materials-09-00106]\]. The macrostructure of the top view of the SLM specimen is shown in [Figure 8](#materials-09-00106-f008){ref-type="fig"}b. Acicular α′ martensitic formed inside the β phase grains. On the other hand, there is a distinct difference between the SLM macrostructures and the macrostructure of the conventional Ti6Al4V specimens, shown in [Figure 8](#materials-09-00106-f008){ref-type="fig"}c. The macrostructure of the conventional Ti6Al4V consists of a bimodal distribution of primary α phase grains (light color) and lamellar α + β colonies within small transformed β grains. [Figure 8](#materials-09-00106-f008){ref-type="fig"}c shows that the conventional Ti6Al4V almost completely consists of primary alpha grains, with only a few transformed beta grains in which a coarse lamellar α + β is found. It is demonstrated in the literature that lamellar microstructures have a beneficial effect on the crack growth rates of small cracks. This is attributed to the high density grain boundaries. On the other hand, bimodal microstructures have a good resistance against crack initiation due to the finer grains that are reducing the dislocation slip lengths \[[@B33-materials-09-00106]\].

![Micrographs of the macrostructure of (**a**) side view parallel to the building direction (BD) of Ti6Al4V SLM Specimen 3; (**b**) top view perpendicular to the BD of Ti6Al4V SLM Specimen 3 and (**c**) top view of the Ti6Al4V conventional specimen.](materials-09-00106-g008){#materials-09-00106-f008}

3.4. Stress Analysis Based on Finite Element Simulations {#sec3dot4-materials-09-00106}
--------------------------------------------------------

The stress levels reached during testing at the bottom edge of the capillary and at the bottom of the specimens were calculated by FEM simulations. The comparison of the calculated stresses provides further understanding of the crack initiation positions observed in the SEM images. Four-point bending specimens as shown in [Figure 9](#materials-09-00106-f009){ref-type="fig"} were considered. For both capillary structures (period of 20 mm and 22.4 mm) this comparison was performed at a loading of 20 kN, which was the crack initiation loading for Specimen 3. Two paths, illustrated in [Figure 9](#materials-09-00106-f009){ref-type="fig"}, were considered for extracting the maximum principle stresses: at the bottom (edge) of the capillary and at the bottom of the specimen.

![Schematic description of the paths used for extracting stresses in the numerical simulations.](materials-09-00106-g009){#materials-09-00106-f009}

The results for the additive manufactured specimens are depicted in [Figure 10](#materials-09-00106-f010){ref-type="fig"}, while the crack locations of the specimens are indicated with arrows. In order to compare the stresses at the bottom of both the specimen and the capillary, the length interval of 70 mm at the middle of the specimen is considered. According to four-point bending setup (see [Figure 2](#materials-09-00106-f002){ref-type="fig"}), the center region of 50 mm is subjected to the highest stress level in the longitudinal direction. The results shown in [Figure 10](#materials-09-00106-f010){ref-type="fig"}a are representative for Specimens 1, 2, 3, 4 and the SR specimen with a period of the sinusoidal shape of 20 mm. The failure of Specimens 2 and 3 occurred at X = 75 mm and 80 mm respectively, while in the SR specimen the failure occurred at the position of 79 mm. The crack initiation sites were located on the bottom of the specimen. At these positions, the stress level at the bottom of the specimen is high, while stresses are rather low at the bottom of the capillary, see [Figure 10](#materials-09-00106-f010){ref-type="fig"}a. Specimens 1 and 4 broke respectively at X = 84 mm and 45 mm. From (not-shown) SEM images it was observed that the crack was initiated from the capillary region in these specimens. Considering that the calculated stress level at the capillary's sites is high at X = 84 mm and 45 mm ([Figure 10](#materials-09-00106-f010){ref-type="fig"}a), it can be concluded that these initiation locations were a result of the combination of high stress levels and internal defects like porosity close to the capillary. The failure of Specimens 5 and 6, with a period of the sinusoidal shape of 22.4 mm, occurred respectively at X = 71 mm and X = 73 mm. In the case of Specimen 6, the crack initiated from an internal defect close to the bottom of the specimen, while in Specimen 5 the main crack initiated from the bottom of the specimen (see SEM images shown [Figure 5](#materials-09-00106-f005){ref-type="fig"} and [Figure 6](#materials-09-00106-f006){ref-type="fig"}). According to the stress analysis results of [Figure 10](#materials-09-00106-f010){ref-type="fig"}b, the stress level around the capillary is quite low at X = 71 mm and 73 mm, while the stress level at the bottom of the specimen is substantial, and this leads to the crack initiation.

![Comparing the stress distributions for a load of 20 kN for the capillary structure with (**a**) a period of 20 mm (Specimens 1, 2, 3, 4 and stress relieved (SR));and (**b**) a period of 22.4 mm (Specimens 5 and 6).](materials-09-00106-g010){#materials-09-00106-f010}

For both types of capillary geometries, the calculated stress levels at the bottom of the capillaries are lower than the stresses at the specimen's bottom. From this perspective, it is expected that cracks would always initiate from the bottom of the specimens. This highlights the fact that an integrated capillary would not have a critical impact on the crack initiation in an SLM component. It should be mentioned that the capillary surface is expected to have roughness in the order of the powder particle \[[@B34-materials-09-00106]\]. Internal defects on the capillary region and the surface roughness of the capillary could increase the local stress level and as a consequence affect the crack initiation behavior. This phenomena are extensively discussed by Lipinski *et al.* \[[@B34-materials-09-00106]\]. However, in the current study the simulations do not take into account parameters such as defects or surface roughness. From the fracture surface analysis performed with the SEM, it was observed that in some cases cracks initiated from the region of the capillary. This is principally due to the defects present in the specimens, rather than the presence of the capillary itself. The location of these defects (porosities and lack-of-fusion regions) can be closer or further away from the capillary or the sample border. These locations are essentially unpredictable, and, as a result, it is also difficult to predict the location of the crack initiation during the fatigue tests. This explains the random scatter on the crack initiation locations identified for the different specimens with the SEM analysis.

4. Conclusions {#sec4-materials-09-00106}
==============

In this study, the functionality of a novel structural health monitoring system on Ti6Al4V components produced by selective laser melting was presented. The specimens that were used for this study were subjected to high cycle fatigue in as-built conditions. All the additive manufactured components had an integrated structural health monitoring system which successfully detected the crack before the final failure. In order to confirm that the integrated system had no influence on the crack initiation behavior during fatigue and to define the cause of the crack, fracture surface analysis was also performed. It was shown that, for the SLM specimens, crack nucleation sites were developed due to near-surface defects such as concentrated pores or lack-of-fusion regions. These defects have a negative impact on the fatigue life and can act as stress concentrators. Additionally, tests on conventional material without a capillary showed almost no scatter, while results for the SLM specimens varied significantly. Furthermore, finite element stress analysis showed that the stress around the capillary is lower than those experienced at the outer surfaces of the specimen. These results clearly indicate the importance of the imperfections on the fatigue life of an SLM component and the applicability of structural health monitoring systems. Processes like hot isostatic pressing will decrease the porosity, but without closing the near-surface defects that are open to the surface. Other parameters like microstructure, surface roughness and residual stresses that are not extensively investigated in the current paper are also of high importance. The residual stresses and microstructure could significantly affect the crack nucleation and the crack propagation during fatigue, while the surface finishing of the capillaries could be crucial for crack nucleation. Nevertheless, it can be concluded that SLM components in a combination with a structural health monitoring system could be beneficial for industrial applications. Further investigations should be conducted on the eSHM system in order to enable extra functionality on the crack localization and to improve the fatigue response of the additive manufacturing components with the integrated system. Important parameters that will be extensively investigated in the future are the residual stresses that are developed during the AM process in metallic components with the integrated eSHM system and the roughness parameter of the capillaries.
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The following abbreviations are used in this manuscript:

AM

:   Additive manufacturing

SLM

:   Selective laser melting

SHM

:   Structural health monitoring

eSHM

:   effective structural health monitoring

FEM

:   Finite element method

AB

:   As-built

SR

:   Stress relieved; stress relief

SEM

:   Scanning electron microscopy

BD

:   building direction

[^1]: These authors contributed equally to this work.
